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Abstract (max 250 words): 28
The circadian clock is considered a key target for crop improvement because it controls 29 metabolism and growth in Arabidopsis. Here, we show that the clock gene EARLY 30 FLOWERING 3 (ELF3) controls vegetative growth in Arabidopsis but not in the cereal crop 31 barley. Growth in Arabidopsis is determined by the degradation of leaf starch reserves at 32 night, which is controlled by ELF3. The vegetative growth of barley, however, is determined 33 by the depletion of leaf sucrose stores through an exponential kinetics, presumably catalyzed 34 by the vacuolar sucrose exporter SUCROSE TRANSPORTER 2 (SUT2). This process depends 35 on the sucrose content and the nighttime temperature but not on ELF3. The regulation of 36 starch degradation and sucrose depletion in barley ensures efficient growth at favorable 37 temperature as stores become exhausted at dawn. On cool nights, however, only the starch 38 degradation rate is compensated against low nighttime temperatures, whereas the sucrose 39 depletion rate is reduced. This coincides with reduced biomass in barley but not in 40 Arabidopsis after growth in consecutive cool nights. The sucrose depletion metabolism 41 determines growth in the cereal crops barley, wheat, and rice but is not generally conserved 42 in monocot species and is not a domestication-related trait. Therefore, the control of growth 43 by endogenous (clock) versus external factors (temperature) is species-specific and depends 44 on the predominant carbohydrate store. Our results give new insights into the physiology of 45 growth in cereals and provide a basis for studying the genetics and evolution of different 46 carbohydrate stores and their contribution to plant productivity and adaptation. 47
Significance Statement (120 words max): 48
The circadian clock controls growth in the model plant Arabidopsis thaliana by regulating the 49 starch degradation rate so that reserves last until dawn. This prevents nocturnal starvation 50 until photosynthesis resumes. The cereal crops barley, wheat and rice, however, 51 predominantly consume sucrose instead of starch as carbohydrate source. We find that 52 carbohydrate supply from sucrose at night is regulated by enzyme kinetics and night-time 53 temperature, but not the circadian clock. We postulate that the regulation of growth depends 54 on the predominant carbohydrate store, where starch degradation is controlled by 55
Results and discussion 95
The clock component ELF3 determines metabolism and growth in Arabidopsis but not in 96 barley 97
We measured the accumulation and the turnover of carbohydrates in short photoperiods (8 h 98 light/16 h dark) to compare the nocturnal carbohydrate metabolism in barley and Arabidopsis 99 leaves. Barley primarily accumulated sucrose during the day, followed by small amounts of 100 fructans and starch but did not store fructose and glucose (Figure 1a) . At the end of the 101 night, all the sucrose, fructan and starch was consumed ( Figure 1a ). This confirmed earlier 102 reports stating that soluble storage carbohydrates from the vacuole, respectively sucrose, 103 but not crystalline starch from the chloroplast dominate the carbohydrate supply in the 104 barley leaf (10, 16, 22, 23). As a consequence, barley consumed around five times more 105 carbohydrates from vacuolar sucrose than from starch during the night (Figure 1a ). If the 106 conversion of fructans into sucrose before export from the vacuole was considered (7), even 107 seven times more carbohydrates were exported in the form of sucrose from the vacuole than 108 provided from starch degradation in the chloroplast (Figure 1a ). In contrast, Arabidopsis 109 accumulated starch in the leaf during the day but no sucrose or glucose and consumed 110 nearly all starch reserves during the night (Figure 1b ). As a consequence, Arabidopsis 111 depended almost exclusively on the degradation of chloroplastic starch for carbohydrate 112 supply in the dark (Figure 1b ). We then tested if the carbohydrate supply during the night is 113 under control of the circadian clock in barley and Arabidopsis. We measured the depletion of 114 sucrose and the degradation of starch in the leaf of wild-type and early flowering 3 (elf3)-115 mutant plants of barley (hvelf3) (24) and Arabidopsis (atelf3). The oscillator in the elf3-116 mutant of both species is severely disturbed as it is arrhythmic in constant light and partly 117 arrested in day/night cycles (24, 25). Depletion of sucrose from the barley leaf did not differ 118 between hvelf3 and wild-type plants during the night (Figure 1c ). However, starch degraded 119 significantly faster in the last half of the night in hvelf3-plants compared to wild-type plants 120 ( Figure 1d ). In Arabidopsis, sucrose levels remained low throughout the night and did not 121 differ between atelf3 and wild-type plants (Figure 1e ). By contrast, the degradation of 122 transitory starch terminated prematurely 2 h before the end of the night in atelf3 while it 123 continued its linear trend until the end of the night in wild-type plants (Figure 1f ). These 124 findings demonstrated that a functional ELF3 was required for the temporal control of starch 125 breakdown at the end of the night in both barley and Arabidopsis, although species-specific 126 differences in the degradation pattern existed. In contrast, the depletion of sucrose from the 127 vacuole in barley was not under the control of ELF3. Sucrose depletion was also not affected 128 by the shortfall of starch degradation in the barley hvelf3-mutant at the end of the night 129 ( Figure 1c, d) . The Arabidopsis atelf3-mutant, however, was impaired in starch degradation atelf3 experienced carbohydrate starvation after the termination of starch degradation before 132 dawn ( Figure 1f ), we analyzed the expression of the sugar-repressed genes At3g59940 and 133 BRANCHED CHAIN AMINO ACID TRANSFERASE 2 (BCAT2) as starvation reporters (4, 26) 134 ( Figure 1g , h). Both transcripts were upregulated 2 h before the end of the 24 h cycle in 135 Arabidopsis atelf3-mutant plants but not in wild-type plants (Figure 1g Sucrose depletion from the leaf is controlled by the sucrose content and the night 148 temperature through an exponential kinetics 149 Sucrose levels in the barley elf3-mutant were almost exhausted at the end of the night 24 h 150 after dawn although sucrose depletion was not controlled by ELF3 ( Figure 1c ). We, 151 therefore, investigated if nocturnal sucrose depletion from the leaf is controlled by a clock-152 independent mechanism to adjust carbohydrate supply to the length of the night. We grew 153 wild-type plants under cycles of 8 h light/16 h dark and measured the sucrose content over 154 the whole diel cycle. During the night, sucrose depletion was exponential and sucrose levels 155 24 h after dawn were identical to those 24 h before ( Figure 3a ). This cycle demonstrated 156 that sucrose depletion is under temporal control. To analyze the adaptability of sucrose 157 depletion to the length of the night, we exposed plants to an unexpected extension of the 158 light period from 8 h to 12 h. This extension increased the sucrose content in the leaf at the 159 end of the light period and enhanced the sucrose depletion rate at night so that levels were 160 comparable between entrained and extended photoperiods at the end of the night 24 h after 161 dawn ( Figure 3a ). This demonstrated that the sucrose content at the end of the light period 162 relates to the rate of sucrose depletion during the night so that sucrose is almost completely 163 exhausted in the leaf 24 h after dawn, even after unexpected variation of the light period. Consequently, the rate of starch degradation was identical between the cool and the 199 entrained night conditions (Figure 3d ). This demonstrated that an internal mechanism was 200 capable to compensate the rate of starch degradation, but not that of sucrose depletion, 201 against a sudden reduction in night temperature. We then investigated how the sucrose 202 depletion and the starch degradation adapted to consecutive cool nights. We grew 3 week 203 old barley wild-type plants for one further week at 20°C during the day and either the 204 entrained 18°C or the cool 10°C during the night. The light intensity during the day was 205 identical for both treatments. At the seventh day, plants grown in the 10°C cool night contained around three times more sucrose in the leaf at the end of the night than those 207 from 18°C (Figure 3e ). In contrast, the starch content was not significantly different between 208 both temperature treatments at the end of the night and similar to the onset of the 209 experiment at day 0 ( Figure 3e ). This demonstrated that the nocturnal sucrose depletion in 210 barley does not adapt to consecutive cool nights and is under environmental and not 211 endogenous control. It also indicated that the effects of consecutive cool nights amplify the 212 incomplete turnover of sucrose in barley as observed for a single cool night in Figure 3c . (Figure 5b) . These 248 findings showed that the sucrose depletion metabolism and its association with reduced 249 growth in cool nights is prevalent in several agriculturally important cereal crops. This 250 includes rice, barley and wheat but not all monocot species as nocturnal growth in 251 Brachypodium primarily depends on starch instead of sucrose and was compensated against 252 low night temperature. Moreover, the sucrose depletion metabolism is apparently not a 253 domestication trait because it is present in both wild and cultivated barley (Figure 5a, b) . 254
When taken together, we observed that the primary carbohydrate store correlated with 255 differences in the growth response of monocot species to cool nights. It is likely that the 256 reduced carbohydrate supply from sucrose depletion in cool nights is responsible for the 257 growth reduction, but the causal link between the major carbohydrate store at night and 258 growth responses to external versus internal cues awaits further investigations. 259
Sucrose export from the vacuole catalyzed by SUCROSE TRANSPORTER 2 regulates the 260 sucrose depletion metabolism and affects growth and yield 261
Finally, we investigated the molecular basis of the sucrose depletion metabolism in cereal 262 crops. Previous studies in barley, wheat and rice demonstrated that the SUCROSE 263 TRANSPORTER 2 (SUT2) is located in the vacuolar membrane and catalyzes the export of 264 sucrose through a proton coupled co-transport (13, 14, 28, 29). Isolation of the sut2-mutant 265 in rice provided evidence in planta that SUT2 is necessary for the sucrose export from the 266 vacuole into the cytoplasm as sut2-mutant plants over-accumulated sucrose in the leaf 267 vacuole at dawn (14). As rice, like barley, depends on the sucrose depletion metabolism for 268 carbohydrate supply at night (Figure 5a , b) and the barley sut2-mutant was not available to 269 us, we investigated in rice if SUT2 is involved in the regulation of the nocturnal sucrose 270 depletion metabolism. The sucrose depletion metabolism is based on a positive relationship 271 between the sucrose content in the leaf at dusk and the amount of sucrose depleted in an 272 exponential fashion during the following night (Figure 3a, b ). While sucrose depletion was 273 exponential with a constant of k≈0.12 in wild-type plants, sucrose depletion in the sut2-274 mutant was rather linear than exponential due to the low depletion constant of k≈0.03 275 ( Figure 6a ). In addition, despite the nearly two-fold higher sucrose content at dusk, the sut2- Figure 6a ). This demonstrated that SUT2 function is required for the exponential depletion depletion metabolism correlated with a strong reduction of growth, biomass and 1000 kernel 281 weight in the sut2-mutant (Figure 6b-d ). This confirmed that the sucrose export from the 282 leaf vacuole during the night affects growth and yield. The functional redundancy of the 283 SUT2 transporter in rice, barley and wheat (13, 14, 28, 29) and the predominant 284 consumption of sucrose instead of starch in these species during the night (Figure 5a ) 285 together with the growth reduction in cool nights (Figure 5b 
